ABSTRACT: The miscibility of the dicyanate of bisphenol A, with three dicyanate monomers, with aryl/alkylene ether backbones is studied at different compositions of a binary blend. Solubility parameters are calculated for dicyanate monomers and selected oligmers using the methods of Small and Fedors to predict compatibility. The results are evaluated in terms of the accuracy of the model in reproducing observed data. Gibbs free energy of mixing (∆G mix ) values for selected blends are calculated using the BLENDS module of Cerius 2 . Empirical data (HPLC and MS) are used to inform the construction of selected models to represent different stages of polymer conversion. DMTA analysis is performed to examine the thermo-mechanical properties of the resulting blends and compared with the simulated blend data.
Introduction
Cyanate esters can be termed high performance thermosetting polymers, despite having physical and mechanical properties that fall between epoxy resins and BMIs [1] (e.g. glass transition temperatures, T g , of between 200 and 300ºC depending on structure and degree of cure) although the very low moisture absorption values that they exhibit are superior to both competitor resins (e.g. this may be as low as 0.6-2.5 weight % depending on backbone structure, compared with figures of 4-4.5 weight % for BMIs or [3] [4] [5] [6] weight % for commercial epoxies) and is backed up by good hot/wet properties. Cured cyanates may find application in a variety of niche technological applications (e.g. microelectronics [2] , high performance adhesives and advanced composites). The combination of properties that make them attractive in these areas include good adhesion to a variety of substrates (e.g. metals, glass and carbon fibres) with values of [14] [15] [16] [17] [18] [19] [20] MPa (for lap shear strength) on 20224 T-3 aluminium alloy, which is significantly higher than corresponding aerospace epoxies. Cured polycyanurates also show exceptionally low dielectric constants, ε = 2.2-2.7 and dissipation factors, D f = 0.003 at GHz frequencies, coupled with low loss behaviour, which has ensured the continuing application of cyanates in the fabrication of microelectronics components such as multichip modules and in stealthy coatings and structures [3, 4] .
Furthermore, the relatively low coefficients of thermal expansion that are exhibited by cured polycyanurates make them of great interest in applications involving multichip modules (MCMs) since the substrate (silicon) has a CTE that is markedly lower than most organic polymers, leading to differential contraction, cure stress and delamination in the final microelectronic package. Commercial cyanate esters are commonly blended or co-reacted with other monomers to modify features such as CTE or fracture toughness and the ability to predict the miscibility behaviour of these blended systems would be of great advantage.
Consequently, the object of the present work is to examine the optimum blend of bisphenol A dicyanate (which is the most commonly studied commercial monomer) with a series of three aryl dicyanates with alkylene ether backbones of varying backbone length over a range of temperatures (the latter have been previously reported elsewhere [5] ).
The aim of this work is to develop a robust method to predict the miscibility behaviour of either comonomers (in this case using different dicyanate monomers) or to predict the behaviour of monomer/oligomer blends. This would potentially be of use in understanding when e.g. phase separation occurs and how this might influence fracture toughness in cyanate ester blends. In this preliminary study, binary blends were studied comprising a commercial dicyanate and selected newly-synthesized dicyanates with alkylene backbones for which interesting thermo-mechanical properties have been observed. We report the miscibility calculated for the co-monomers and also for the binary blends during the early stages of polymerisation.
Experimental Section

Formulation of monomer/co-catalyst blends
A series of general methods were employed to produce three different cyanate ester monomers, differing only in the bridging chain length (i.e. the value of n). Consequently, the preparative procedure and characterisation data for compounds 1, 2, 3, and 4 have already been reported in detail [5] . Prior to incorporation in the dicyanates, the co-catalyst package, comprising Al(acac) 3 and dodecylphenol in the molar ratio of 1:25, were first homogenised by heating to 80ºC (in a vial in a water bath) before cooling to room temperature. The co-catalysts were then introduced into the dicyanate monomers by mixing in a pestle and mortar at room temperature to a homogeneous mixture. The newly-prepared dicyanates 4a, 4b and 4c
were then added to samples of bisphenol A dicyanate, each at a ratio of 20:80 wt% and cured according to the schedule described in Section 2.2.
Cure schedule for the monomer/co-catalyst blends
A glass sl?ide was placed and clipped over a glass slide-covered high temperature silicone adhesive slide with a pre-cut PTFE template of dimensions 35 x 10 x 1 mm 3 , and heated in an oven to 230ºC to remove residual solvent in the adhesive. This ensured that the PTFE adhered to the glass. The prepared moulds were placed on a pre-heated hot plate at 90ºC for 4a, at 80ºC for 4b and at 60ºC for 4c. Each blend was placed in one of these templates and allowed to become molten, sufficient sample was added to cover the entire volume of the template. The monomers and blends were heated as neat melts to ensure that voids did not occurs during the cure process due to trapped air or solvents released, as this can be harmful to the properties of the polymer. The molten monomers and blends were then transferred to a vented oven under air and cured at 180ºC/1h and finally at 230ºC/1h. The cure schedule is relatively mild to compensate for the presence of the alkylene ether dicyanates because in preliminary studies, using a common commercial cure schedule 1 , the homopolymers of 4a, 4b and 4c produced very dark polymers, suggesting charring. There is no suggestion that this cure schedule is optimised for either of the monomers.
DMTA Apparatus.
Dynamic mechanical thermal analysis (DMTA) measurements for the polymers were undertaken in dual cantilever bending mode on cured neat resin and blend samples (10 x 30 x 1 mm at a frequency of 1 Hz.
Simulation Apparatus.
The molecular simulations were conducted using a Silicon Graphics Machine single R4k, 64MB RAM and a video card using the IRIX 6.4 operating system. Molecular mechanics simulations were performed within Cerius 2 (Molecular Simulations, Inc.).
Construction of the molecular models.
Initially, a model of the homopolymer of bisphenol A dicyanate was constructed using the builder module within Cerius 2 to test the methodology as extensive studies have been undertaken previously on this polymer using similar techniques [6, 7] . The bond lengths and angles within the bisphenyl moieties were based on data collected using single crystal x-ray crystallography experiments [8] . Partial Charges calculated using equivalent charges [9] and the molecular structures initially minimised using the Dreiding II forcefield [10] followed by a modified forcefield previously developed within our group [11] to incorporate an additional parameter set specifically designed to accommodate the triazine ring. The polymerisation of dicyanate monomers proceeds via a cyclotrimerisation mechanism [12, 13, 14] to yield a polycyanurate (based on oxygen-linked s-triazine rings) and so molecular units comprising triazine rings with a missing 'arm' and one of units remaining unreacted. A series of partially converted polycyanurates ranging from the initial cyclotrimer (i.e. n = 3) to the nonomer (n = 9) was constructed and a conformational study was carried out on the cyclotrimer of bisphenol A dicyanate A and the final structures were saved to file. The amorphous builder module of Cerius 2 was then used to create repeating cells and the 'head' and 'tail' units had to be adjusted manually so that they connected via covalent bonds. Initially, this created a crystalline structure, but as the true polycyanurate is amorphous a molecular dynamics (MD) simulation was performed to remove the inherent anisotropy in the system. The density was calculated using molecular mechanics (MM) and compared to densities determined experimentally [15] . The blended model was constructed to yield a largely random distribution of the two selected components.
Calculation of the binary blends.
Initially, BLENDS was tested with monomers of bisphenol A dicyanate and 4a-c, with the expectation that they would be miscible and that favourable energies of mixing would be returned. The BLENDS module was initially trialled employing 10,000 interaction energies, but this was revised to 500 after only 200
interactions had been determined after 5 minutes. 
Selection of parameters.
Since the variables used were arbitrarily chosen values for time convenience rather than accuracy of calculation they were checked by an extensive run. The calculation was repeated with 2000 interaction energies determined and 100 clusters were utilised for determination of coordination number. It was suspected that little difference would be found for small units, as the real-time graphs generated by BLENDS converged within the initial parameter set.
Results and Discussion
The original choice for an examination of the alkylene ether backbone moiety was prompted by previous work [16] to examine the properties of another family of thermosetting polymers (BMIs) for which brittleness can also be a drawback. Following extensive work, a series of reported synthetic steps were combined to produce the four step reaction pathway shown in Scheme 1 to produce three novel dicyanate monomers [5, 15] and the same numbering scheme has been retained to identify these compounds (4a, 4b, 4c), having similar alkylene ether backbone structures that differ in length and generically identified by n = 1, 2, 3 to denote the number of ethoxy segments in the chain. The choice of the dicyanate based on bisphenol A as the second component in the blends was based on the extensive research literature available for direct comparison, because prior to selecting the blend compositions for analysis, an initial assessment was made of the compatibility of the individual components within the proposed blends.
Initial miscibility studies based on Fedors' method.
Initially the study focused on the early stages of polymerisation; the later stages of the reaction are less relevant, particularly after the gel point has been passed as steric effects tend to dominate network formation [12] , making miscibility less important. Thus, the main focus of the study was the affinity of monomeric and oligomeric molecules with each other. A rapid method of estimating the co-miscibility of molecules involves the calculation of solubility parameters and while this is not the most accurate method it does provides a somewhat "rough and ready" solution. Consequently, before commencing on the empirical study solubility parameters were estimated for monomers and higher weight polymeric units, using a calculation reported by Fedors [17] (and based on the Hoy solubility parameter [18] ), δ H = (∆E v /V) 
eqn (1) (∆e i and ∆v i are the additive atomic group contributions for the energy of vaporisation and the molar volume respectively at a given temperature). This additive method produces a calculated solubility parameter, δ H , which depends on the nature of functional groups/moieties within the monomer/polymer blend structure(s). On this basis, δ H was calculated for the dicyanate monomers and polycyanurates giving the values in Table 1 below, where if the calculated values of δ H for the two components are similar, then they will be compatible.
This simple method should only be taken as an initial guide to the ambient temperature compatibility of the components of the blend. It was not intended to determine the dynamics of the mixing of the components during the cure, which may be influenced by a number of factors and may lead to a complex phase diagram. ). Thus, the calculation suggests the following order of compatibility of bisphenol A dicyanate (> = more soluble than) 4b > 4c > 4a, although this absolute order was not entirely borne out by the empirical observations.
Initial miscibility studies based on Small's method.
In the current study, this somewhat simplistic method was extended to incorporate the Small solubility parameters [19] , and Flory-Huggins theory in order to predict miscibility based on the density of compounds and the nature of their functional groups. Thus, the Small equation was used: Molecules with similar solubility parameters are likely to be miscible and, when combining two comonomers, statistical copolymer networks will form where the two monomers are mutually compatible.
Where the monomers are immiscible block polymerisation is more likely, resulting in unpredictable, heterogeneous characteristics across the material. If this is the case the network formation will be driven by statistical rules, i.e. there is a roughly equal chance of a monomer of A and B undergoing reaction. A trial was first performed on a monomer of bisphenol A dicyanate and the solubility parameters (i.e. total F group contributions) were calculated (Scheme 2) from a table of published values [20, 21] . Solubility parameters are based on molecular group contributions and inevitably not all molecular groups are accounted for in the tables listed.
Comparison of group contribution methods.
Solubility parameters were calculated using both Small's and Hoy's methods, taking repeat units in oligomeric structures and summing fractional contributions (Table 2) . These values were obtained for all sub-units of the structures apart from the s-triazine ring (which was absent from the literature tables). Thus, a value was estimated using values taken from a substituted phenyl ring and three cyanate groups which when rounded up produced a figure close to that for a phenyl group. which all the structures were broken down into common sub units whose group contributions were then calculated ( Table 3 ). The number of each subunit was counted for each molecule and the total F-group contributions were determined from this. The molar masses and densities were calculated in ChemSketch (Advanced Chemistry Development, Inc., 110 Yonge Street, 14th floor, Toronto, Ontario, Canada M5C 1T4, http://www.acdlabs.com/home/) and the solubility parameter was then evaluated with an Excel function; the value obtained was then compared to one calculated previously and, as a measure of internal consistency; the calculated densities were subsequently validated using empirical data [15] . 
Miscibility studies using Cerius 2 .
A matrix for various mixture combinations was proposed on the basis of obtaining a representative sampling of chemical space (i.e. the interactions for a given monomer with its corresponding trimer, pentamer and so on). This produced a large number of calculations (276), which were submitted in the batch mode of . The polymerisation of dicyanate monomers proceeds via a cyclotrimerisation mechanism [22, 23] to yield a polycyanurate (based on s-triazine rings) and so molecular units comprised triazine rings with a missing 'arm' and one of the units remaining unreacted. A series of partially converted polycyanurates ranging from the initial cyclotrimer (i.e. n = 3) to the nonomer (n = 9) was constructed and a conformational study was carried out on the cyclotrimer of bisphenol A dicyanate. It was noted that the structures generated only remained in feasible conformations for a static time shot (in the case of bisphenol A dicyanate it was thought that the structures were representative as there is little rotational freedom about the central group [24] ). For the novel modifier series the number of rotatable bonds was somewhat higher and the number of possible conformations might have a significant effect on the network structure and make it more difficult to generate representative structures. To gauge this effect a conformational analysis of monomers of bisphenol A dicyanate and 4a was undertaken and torsion angles in each structure were identified by a search for rotatable bonds, ring flex was excluded from the search. Six torsion angles were identified for bisphenol A dicyanate and nine for 4a. Boltzmann jump searches were then carried out to generate 25 conformers by simulated heating of the molecules. The files were then processed (the conformers were generated as unique structures) and the 25 structures were overlaid using a RMS minimised volume overlay. was then used to create repeating cells and the 'head' and 'tail' units had to be adjusted manually so that they connected. This created a crystalline structure, but as the true polycyanurate is amorphous a molecular dynamics (MD) simulation was performed to remove the inherent anisotropy in the system. The density was calculated using molecular mechanics and compared to densities determined experimentally [15] . The blended model was constructed to yield a largely random distribution of the two selected components.
Initial estimations of monomer miscibility using the methods of Hoy and Small.
The numbers of each fragment in every monomer-heptamer sized molecule was then counted and the total F group contributions were calculated to yield the following results (Table 4) Key: C n = structures relating to monomers comprising n alkylene ether units in backbone (e.g. C n = 1: oligomeric structures based on 4a), BisA = bisphenol A dicyanate
The high degree of similarity in solubility parameters is predictable given both Hoy's and Small's use of additive group functions and the inherent similarity in the structural motifs of the monomers (bearing common subunits). The estimations of density using ChemSketch is an area for possible discrepancies to arise, but once again this uses atom-and group-based calculations and so any deviation from empiricallydetermined densities will be uniform across the structures. The considerations make quantifiable comparisons less rigorous but do allow for relative comparisons to be made between structures.
Examination of the growth of the polycyanurate network.
The polymerisation of dicyanate monomers has already been described as a series of successive cyclotrimerisation reactions, but this is a simplistic representation for a complex process [25] and historically the actual mechanism of network growth was not well understood (i.e. whether reactions occurred preferentially between monomers and monomers or trimers and monomers, etc.). However, Shimp carried out an empirical study [26] of network growth in bisphenol A dicyanate to its corresponding polycyanurate using infrared spectroscopy to monitor the kinetics of polymerisation (based on consumption of cyanate groups). At nominal conversions of 20%, 30% and 50% the reaction mixture was quenched and HPLC was employed to detect and separate discrete oligomers up to 15 monomers in size (the nature of each peak was confirmed using secondary ion mass spectrometry). From the HPLC chromatograms it was possible to quantify the amount of each oligomer present, and this highlighted the important interactions at each stage of the polymerisation process. For this work, raw data were obtained from Shimp's article [26] , although in order to quantify the data the relevant figures were scanned ( Figure 6 ) and the peak areas used to give a relative value for the amount of each oligomer present 2 . The process was performed for 20%, 30% and 50%
conversion rates and Table 5 shows the key species thought to be present in the growing network.
2 At the time of this work being carried out, David Shimp had retired from his position and the original company (HiTek Polymers) had since been acquired by not only Rhone-Poulenc but subsequently Ciba-Geigy and the original data were therefore no longer directly available From these data it was possible to determine which species predominated in the polymerisation process, and hence which would be studied within the mixing experiments. The key interactions (i.e. between those species) were deduced from plots of the change in composition versus conversion. Based on the assumption that a miscible blend would behave in a similar fashion to pure bisphenol A dicyanate it was decided that the key interactions were: monomer-cyclotrimer, monomer-pentamer, monomer-heptamer, and monomerpolymer. The data suggested that from an initial composition composed entirely of dicyanate monomer, after the polymerisation commenced cyclotrimeric units formed quickly, this is consistent with published data [12] .
The amount of more highly converted material, e.g. pentamer to polymer (n>17), was low at the early stages (~0.2 at 20%), but rose steadily to ~0.3 at 30%. At critical concentrations of cyclotrimer, where the majority of monomer has been consumed (somewhere between 30% and 50% conversion), the cyclic species reacted rapidly to form higher weight fractions. This interpretation suggested that monomer-monomer interactions were very important in the early stages of reaction, trimer-trimer interactions then became more critical and as this progressed the oligomer-oligomer interactions became dominant just prior to the overwhelming influence of steric effects of a highly cross-linked 3D network. These findings informed the identification of the key interactions, without spending unnecessary calculation time on less important interactions. These empirical HPLC data enabled a reasonably accurate series of compositions to be built up during the early stages of the cyclotrimerisation reaction ( Figure 7 ) and these informed the subsequent experiments using BLENDS.
Calculation of free energies of mixing using BLENDS.
It would be advantageous to be able to correlate quantitatively the variation in chemical nature, molar fraction and degree of polymerisation and their effects on miscibility. All the methods proposed for estimating solubility parameters make assumptions and therefore it was decided that a more sophisticated approach to predicting the likely growth was needed. The selected approach was to incorporate miscibility parameters predicted by several methods to calculate free energies of mixing for the different systems over a wide temperature range. The BLENDS calculations in Cerius dependency by an averaging of interaction energies using the Boltzmann method. where φ x = volume fraction of x and X x = degree of polymerisation of x.
BLENDS uses two series of measurements to predict free energies: the interaction energies between the species to be mixed and the coordination number, and information on the preference for interaction with like and different species is required for success. The interaction energies, E, are calculated between the two species, E 12 and E 21 , and with themselves, E 11 and E 22 , by taking a molecule of the first species and placing it in the centre of the screen; a molecule of the second species is then placed at a position determined by a
Monte-Carlo technique to produce a favourable energetic interaction. The process is repeated n times until an average value is obtained; the lower the variance in the data, the more realistic the result. Coordination values (Z) are determined in a similar way, except the interest is now in the number of second species it is possible to fit around the first. Together the product of E and Z values for a given pair of species provides the energetics of that term. Subtraction of the interaction terms for the like molecules from the different pair results in the energy contribution from mixing: (   22  22  11  11  21  21  12 12
The analytical fits used in BLENDS allow for the temperature dependence of X to be accounted for. The values for the Kamide fit (A, B and C) are empirically determined and have no explicit meaning; they are obtained from the interaction terms.
( )
Analysis of these calculations can provide temperature, volume fraction and correlated free energies. Using the BLENDS module it was also possible to calculate phase diagrams for a given blend composition [28] , giving an indication of how miscibility would vary over a given temperature range. From a range of mixtures (molar fractions ranging from 0.5:0.5 to 0.8:0.2) it was possible to identify points where systems (involving monomers 4a-4c) were most likely to result in a statistical copolymer. Figure 9 demonstrates the temperature and molar fraction dependence of the free energy of mixing is simply obtained from BLENDS and is a powerful illustration of the trends occurring. The example illustrates how it was possible to obtain values for free energy of mixing from structures generated. The values for A, B & C were used to calculate free energies (Table 6 ). It is apparent that the lowest values of Gibbs' free energy (i.e. the best mixing) are calculated for the interaction between bisphenol A dicyanate and 4a, bearing the backbone shortest chain length. Not only this, but that as temperature increases the miscibility increases, unlike the results for the longer alkylene ether chains, which apparently become less miscible with bisphenol A dicyanate as temperature increases. Figure 10 shows the results of BLENDS calculations to show the Gibbs' free energy of mixing for bisphenol A dicyanate with the other dicyanates as each undergoes polymerisation to the same extent (i.e. the mixing of similarly-sized cyanate oligomers is examined). The data suggest some significant changes in miscibility -notably in the case of the cyclotrimer of 4a, which initially shows the poorest compatibility with the corresponding cyclotrimer of bisphenol A dicyanate, although the formation of the pentamer (depicted in Figure 3 ) heralds a significant improvement in miscibility for practically all the dicyanate species studied here. Figure 11 shows 
Dynamic mechanical thermal analysis of selected polycyanurate blends.
A series of blends were prepared, comprising bisphenol A dicyanate and co-monomers 4a-c, and cured prior to undertaking thermomechanical analysis using DMTA. The data are shown in Figure 12 from which it is apparent that the cured neat resin blends appear well mixed and homogenous copolymer with no apparent phase separation indicated from the tan δ profiles (as evidenced by single step transitions in the loss modulus data and single α transition peaks for each copolymer). As expected the DMTA data confirm that the storage modulus (E') of bisphenol A dicyanate (B10) is affected to differing extents by the addition of the alkylene ether dicyanates:
4a + B10, E' = 1.02 GPa at 25ºC, 0.98 GPa at 50ºC and 0. 
Conclusions
The solubility parameters that were calculated for the dicyanates and corresponding oligomeric cyanurates for a commercial dicyanate monomer (based on bisphenol A) and a homologous series of dicyanates containing an alkylene ether backbone showed significant differences when using Small's and Hoy's methods, despite being based on similar structural elements. Consequently, the BLENDS module of Cerius 2 was used to determine the Gibbs free energy of mixing (∆G mix ) values for the different monomers and for selected oligomeric species found within the binary blend during the early stages of polymerisation. In order for the simulation to be as representative as possible, the data from a published quantitative empirical study (using HPLC and MS) were used to determine the typical composition of a growing polycyanurate at selected degrees of conversion. The BLENDS module is able to rank the compatibility of different monomers (containing backbones of differing polarity) and also to distinguish between the different oligomeric species within the growing network. Thus, the initial step, the rapid formation of a cyclotrimer, produces a species that is significantly less compatible with all monomers (regardless of backbone), but the subsequent oligomerisation to form pentamer markedly improves the compatibility of the binary blend along with subsequent steps to higher polymeric forms. This is in agreement with the results of the other two more traditional measures of blend compatibility (i.e. the methods of Small and Fedors) . Of course, this is a thermosetting polymer system and so the early stages of reaction, prior to gelation, when the reaction is largely chemically rather than diffusion controlled, are the most significant for our study. Once gelation commences then the ability to undergo translational movement is greatly reduced and the miscibility has a greater influence in determining e.g. phase separation and the ultimate morphology. The latest advances in our simulation work have significantly increased the size and sophistication of the models that we can build with alkylene ether dicyanates, n = 1 (4a), n = 2 (4b), n = 3 (4c). Figure 12 -DMTA for homopolymer of bisphenol A dicyanate (AroCy B10) and selected blends with alkylene ether dicyanates, n = 1 (4a), n = 2 (4b), n = 3 (4c).
